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Abstract 
The capital cost and thermal performance of shell and tube type latent heat thermal energy storage (LHTES) is analyzed in this 
paper. In order to get the lowest cost of the shell and tube LHTES, the ideal one dimensional heat transfer model is used. The 
discharging process of shell and tube LHTES working in solar thermal power tower system and parabolic trough solar thermal 
power system were numerically simulated using lumped capacitance method. The capital cost of the LHTES was calculated 
considering different volume ratio of tubes and tube length. The results of the economic analysis shows that the tube and shell 
LHTES is a promising method to reduce the thermal energy storage cost.  
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1. Introduction 
In the past ten years, the concentrating solar power (CSP) technology developed rapidly and more and more CSP 
plants were put into operation in the world, mainly in Spain and USA. Most CSP plants have the thermal energy 
storage (TES) system which decouple power generation from solar collection and make the generated electricity 
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dispatchable in the grid. In the other hand, TES can reduce costs associated with CSP plants [1]. TES can much 
reduce the need to dump energy of very high insolation periods and lower turbine start-up losses, which improve the 
annual solar-to-electricity efficiency. Most of TES systems in operation of commercial CSP plants such as Andasol 
1-3 parabolic trough power plants and Gemasolar power tower plant are all based on sensible heat TES (SHTES) 
using molten salt as the heat storage material[2]. However, latent heat storage has higher energy density compared 
to the sensible heat storing method and shows potentially reducing the TES size and cost. There are many options 
for the phase change materials(PCM) and thermal performance enhancement techniques as review by Ming Liu in 
2012[3]. For an indirect two tank molten salt TES widely used in the commercial parabolic trough solar power 
plants, the heat is charged and discharged by thermal oil as HTF. The temperature difference of hot salt and cold 
tank is 93OC(291OC, 284OC)[4]. The storage heat density is lower than the latent heat of most PCMs. Thus the latent 
heat TES(LHTES) shows the potential economical competitive in parabolic trough power plant. The direct two tank 
molten salt TES has been operated successfully in the Gemasolar plant, which the molten salt is used as both HTF 
and storage material. The temperature difference of hot tank and cold tank is 275OC (290OC, 565OC)[5]. The storage 
heat density is higher than the latent heat of most PCMs. For the real LHTES system, in order to improve the PCM 
availability rate, both sensible heat and latent heat should be used at same time. The three basic LHTES techniques 
to store heat energy are thermocline with PCMs as filter material, shell and tube LHTES and embedded 
thermosyphons LHTES. In this paper, the shell and tube LHTES is selected to analyze. 
 
Nomenclature 
A    section area, m2 
cp  specific heat, J/kg K 
C      cost,$ 
c          specific cost, $/kWhth 
h          convective heat transfer coefficient,W/ m2 K 
L          length of tube, m 
Q         heat energy, J 
r           inner radius of tube  
T         temperature, K 
V        volume, m3 
Greeks 
į      thickness of the tube 
ɀ          volume ratio of tubes 
ߝ          volume ratio of HTF 
ɏ           density ,kg/m3 
ο݄         heat of fusion, J/kg 
οݐ          time interval,s 
Subscripts 
C          charging process 
container   container of the shell and tube LHTES 
Cutoff    cut off point of discharging or charging 
D       discharging process 
ml        melting point to liquid 
ms       melting point from solid  
PCM phase change material 
s           solid or PCM 
l           liquid 
f           fluid 
tube       tube 
HTF       heat transfer fluid 
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2. Numerical calculations 
2.1 Heat transfer model 
The cross section of shell and tube type latent heat storage block is shown in Fig.1. The bundles of tubes are 
embedded in PCM and the heat is transferred by forced convective heat transfer process between the HTF and tubes. 
PCM is heated or cooled by the hot or cold tubes through thermal conduction. In order to get the general variation 
trend of the HTF, the following assumptions are made.  
(1) The thermal conductivity of PCM is high enough to keep the uniform temperature distribution in PCM, and 
the Boit number of heat transfer between HTF and PCM is always less than 0.1, which is feasible to use 
lumped capacitance method .[6] 
(2) The flow field in tubes is uniform. 
(3) The thermal conduction along the radius direction is neglected. Thus the heat transfer and fluid flow is 
described in one dimension with the flow direction in the tubes.  
The area of PCM, tubes and HTF are expressed as  A୔େ୑=
ଷξଷ
ଶ
bଶ-Ɏrଶଶ ,  A୲୳ୠୣൌɎ൫rଶଶ-rଵଶ൯ , Aୌ୘୊ൌɎrଵଶ , respectively.    
The volume ratio of HTF( porosity ) is as the following formula. 
 
ɂൌ AHTF
AHTF+APCM+Atube
= ʹɎξ3
9
1
Ⱦ2
                                                                   (1)    
where 
1
b
r
E  . 
The volume ratio of tubes is as the following formula. 
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ଽ
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୰భ
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ଶ
൰ -1൨                                            (2)    
where Ɂൌ൫rଶ-rଵ൯ is the thickness of tube.  
The volume ratio of PCM is 1-ɀ-ɂ.  
 
                         
 
(a) The section of LHTES                                                (b) heat transfer unit 
 
Fig.1  Schematic diagram of the LHTES 
The governing equations are as the following. 
For HTF, the energy equation is  
                                          
డ൫ఘ೑௖೛೑்೑൯
డ௧
+ ݑߩ௙ܿ௣௙
డ்೑
డ௧
= ݄ ஺
௏
൫ ௦ܶ െ ௙ܶ൯                                                       (3) 
For PCM, the energy equation is  
                                          డ൫ఘೞ௖೛ೞ ೞ்൯
డ௧
= െ݄ ஺
௏
൫ ௦ܶ െ ௙ܶ൯                                                              (4) 
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The convective heat transfer coefficient is calculated using the following formula. 
                                          ݄ = ஛
ଶ௥భ
ቀ3.657 + 6.874 ௘
షఱళ.మೣ೐
(ଵ଴଴଴௫೐)బ.రఴఴ
ቁ  , ݔ௘ =
௅
ଶோ௘௉௥
 ,ܴ݁ ൑ 2100  [6]                         (5-a)        
݄ = ஛
ଶ௥భ
(0.023ܴ݁଴.଼ܲݎ଴.ଷ) , ܴ݁ > 2100                             [7]                         (5-b) 
2.2 Numerical method 
As shown in Fig.2, the one dimensional calculated zone is divided into N-1 sections with N nodes. The energy 
equilibrium of the I node is as the following equation.  
Fh ൬ ೞ்,೔
೙ା ೞ்,೔శభ
೙
ଶ
െ ೑்,೔
೙ ା ೑்,೔శభ
೙
ଶ
൰ = ܣݑߩ௙ܿ௣௙൫ ௙ܶ,௜ାଵ௡ െ ௙ܶ,௜௡ ൯                               (6) 
For the heat transfer in PCM, for the control volume i, it is can be expressed as the following equation. 
 
Tௌ,௜௡ାଵ = ௙ܶ,௜௡ + ൫ ௌܶ,௜௡ െ ௙ܶ,௜௡ ൯݁
ି ಲ೓ߩݏܿ݌ݏೇ
 ο௧
                                                (7) 
where the specific heat and density of PCM is calculated using the following equations. 
 
c௣௉஼ெ = ൞
c௣௦                                 ܶ < ௠ܶ௦
c௣௦௟ା ೅ష೅೘ೞ೅೘೗ష೅೘ೞο௛                         ೘்ೞஸ ்ஸ்೘೗          
c௣௟                                 ܶ > ௠ܶ௟  
                                             (8) 
ɏ௉஼ெ = ቐ
ɏ௦                                       ܶ < ௠ܶ௦
ɏ௦
்ି ೘்ೞ
்೘೗ି ೘்ೞ
+ ɏ௟
்೘೗ି்
்೘೗ି ೘்ೞ
            ೘்ೞஸ ்ஸ்೘೗          
ɏ௟                                        ܶ > ௠ܶ௟  
                                       (9) 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Numerical mesh for the finite difference method  
2.3 Calculation procedure 
In charging or discharging process, the initial temperature distribution of heat transfer fluid and PCM is known. 
The temperature of HTF from receiver is set as constant for charging process. At first, for the first calculation zone 
of node 1 to node 2, the temperature variation of PCM can be calculated using the Eq.(7). The simple time marching 
method is used to calculate temperature along the flow direction of HTF and PCM. 
3. One dimension simulation results 
3.1. Thermal performance of the shell and tube LHTES working in solar thermal power tower system 
As shown in Fig.3, in discharging process, HTF from shell and tube LHTES flows into the steam generator. HTF 
from the shell and tube LHTES flows back to receiver in charging process. Thus there exists temperature limitation 
for the discharging. On the basis of the definition by Nithyanandam K [8], the non-dimensional cut-off temperature 
Tfout Tfin Tf, Tf, i+1 
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is also used in this paper and set as 0.74 for discharging process. The non-dimension cut-off temperature is defined 
as the following [8].  
                                                     ߠ௖௨௧௢௙௙ =
்೎ೠ೟೚೑೑ି்ವ
்಴ି்ವ
                                                                           (10) 
The required thermal energy from discharging process is the heat discharged with the temperature drop between 
the discharging temperature and the discharging cut off temperature. In order to compare the general performance of 
the shell and tube LHTES, the utilization factor UT is defined as the following equation. 
ܷܶ = ொವ
ொ೘ೌೣ
                                                                                      (11) 
where ܳ௠௔௫  is the maximum of the stored heat with the temperature drop  ஼ܶ െ ஽ܶ , expressed as the following 
formula. 
ܳ௠௔௫ = ߩ௦ܿ௣௦( ௠ܶ െ ஽ܶ) + ߩ௟ܿ௣௟( ஼ܶ െ ௠ܶ) + (ߩ௟ + ߩ௦)
ο௛
ଶ
                                     (12) 
The utilization factor is the key parameter to reflect the ratio of heat storage material utilization in the calculated 
temperature range. The amount of the total heat storage material is the main effect factor to the final cost.     
 
Fig.3  Schematic diagram of shell and tube LHTES working in solar thermal power tower system 
 
The demand thermal storage power is 3000MWth and was discharged within four hours for shell and tube 
LHTES working in solar thermal power tower system. HTF temperature from receiver is set as 574OC and from 
steam generator is set as 292 OC. In order to make the problem much easier, the inner radius of tube is set as10.5mm 
with the thickness of 2mm. The HTF is the molten salt widely used in the commercial solar thermal power tower 
plant. The basic properties of materials are listed in Table. 1. The length of the shell and tube LHTES is set as 200m 
for the case of using PCM-1. 
 
Table 1 Material properties of the shell and tube LHTES working in solar thermal power tower system 
Name Chemical composition 
Melting 
point 
˄OC˅ 
Density
˄kg/m3˅ 
Specific 
heat(solid) 
(J/kgK) 
Specific 
heat(liquid) 
(J/kgK) 
Thermal 
conductivity 
(W/mK) 
Heat of 
fusion 
(kJ/kg) 
Dynamic 
viscosity 
(Pa.s) 
HTF NaNO3: 60% KNO3:  40% 220 1794 ------ 1549 0.5365 --------- 0.0021 
PCM-1 Li2CO3:35% K2CO3:65% 505 2260 1340 1760 1.89 344 ------ 
PCM-2 
AL:60% 
Mg:34% 
Sn:  6% 
443 2380 1633 1465 100 309.8 ------ 
Tube Stainless steel 321 --- 7800 502 --- 56 --- ----- 
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Outlet HTF temperature variation along flow direction with time of PCM-1 is working in solar thermal power 
tower system as shown in Fig.4. Outlet HTF temperature takes similar variation for different volume ratio of HTF.  
The needed material is summarized in Table 2. 
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(a) ɀ = 0.22                                                                                                        (b) ɀ = 0.10 
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          (c) ɀ = 0.05 
Fig.4  HTF temperature variation of the shell and tube LHTES working in solar thermal power tower system(PCM-1) 
  
 
Table 2.  calculated results of PCM-1 of the shell and tube LHTES working in solar thermal power tower system 
ɀ Volume (m3) UT 
Total weight 
(ton) 
Weight of PCM 
(ton) 
Weight of tubes 
(ton) 
Weight of HTF 
(ton) 
0.22 7793.6 0.9565 20828.1 12121.9 5630.1 3076 
0.1 7205.5 0.9442 17635.3 13976.6 2366.0 1292.6 
0.05 7032.8 0.9334 16553.3 14767.8 1154.6 630.84 
 
For PCM-2, the volume ratio of HTF is set as 0.05 and the outlet HTF temperature variation with time for 
different tube length is shown in Fig.5. The calculated results are summarized in Table 3. 
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(c) L=2000 m 
Fig.5  HTF temperature variation of the shell and tube LHTES working in solar thermal power tower system(PCM-2) 
 
Table 3  calculated results of PCM-2 shell and tube LHTES working in solar thermal power tower system 
Tube 
length(m) 
Volume 
(m3) UT 
Total weight 
(ton) 
Weight of PCM 
(ton) 
Weight of 
tubes 
(ton) 
Weight of HTF 
(ton) 
200 11823.2 0.5295 29147.0 26145.3 1941.1 1060.5 
1000 11242.9 0.5569 27716.4 24862.0 1845.8 1008.4 
2000 11144.2 0.5618 27473.2 24643.8 1829.6 999.6 
3.2. Thermal performance of the shell and tube LHTES working in parabolic trough solar thermal power system 
As shown in Fig.6, in discharging process, HTF from shell and tube LHTES flows into the steam generator.  In 
charging process, HTF from the shell and tube LHTES flows back to solar field. Thus there also exists temperature 
limitation for discharging and charging process.  The HTF is the synthetic oil widely used in the commercial 
parabolic trough solar thermal power plant, but the cost is much higher than the molten salt used in solar thermal 
power tower system. KOH is selected as the PCM in the calculations. The thermal properties of the PCM and HTF 
are listed in Table.4. The length of shell and tube LHTES is set as 200m. The discharged heat power is 1000MWh 
and discharged within 7.5 hours. The inlet charging temperature is 393 OC and the inlet discharging temperature is 
293 OC.  The cut off non-dimensional temperature is 0.5. The HTF temperature variation for different volume ratio 
of HFT is shown in Fig.7. The calculated results are summarized in Table 5.  
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Fig.6  Schematic diagram of shell and tube LHTES working in parabolic trough solar thermal power system 
 
Table 4 Material thermal properties of shell and tube LHTES working in parabolic trough solar thermal power system 
Name 
Material 
Melting 
point 
˄OC˅ 
Density 
(kg/m3) 
Specific heat 
(J/kg.K) 
Heat of fusion 
(kJ/kg) 
Thermal 
conductivity 
(W/m.K) 
Dynamic 
viscosity 
(Pa.s) 
PCM KOH 360 2040 1340 134 0.5 ü 
HTF Therminol VP-1 
(360oC) [9] 
--- 749 2480 -- 0.0844 0.00017 
Tube Carbon steel --- 7800 502 -- 56 - 
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Fig.7  HTF temperature variation of shell and tube LHTES working in solar thermal power tower system 
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Table 5.  calculated results of shell and tube LHTES working in parabolic trough solar thermal power system 
ɀ Volume (m3) UT 
Total weight 
(ton) 
Weight of PCM 
(ton) 
Weight of tubes 
(ton) 
Weight of HTF 
(ton) 
0.22 8053.9 0.9858 18452.5 11307.2 5818.1 1327.1 
0.1 7268.5 0.9821 15657.6 12726.4 2386.7 544.4 
0.05 7001.1 0.9784 14682.0 13270.3 1149.4 262.1 
4  Economic analysis 
4.1 Capital cost 
As shown in Fig.1, the shell and tube type LHTES is composed of tubes, PCM and HTF storage in the tubes. The 
real such TES also includes the container with insulation layer, necessary piping, valves and fittings, electrical and 
instrumentation. The volume is the final parameter to decide the total capital cost of the shell -tube type LHTES.    
The cost is expressed as the following formula. 
Cௌ௛௘௟௟ି௧௨௕௘ = C௖௢௡௧௔௜௡௘௥ + C௉஼ெ + C௧௨௕௘ + Cு்ி + C௢௧௛௘௥௦                                    (13) 
where C௢௧௛௘௥௦ includes the essential expense to make the shell and tube type LHTES running, such as the valves, 
electrical and instrumentation. 
Actually, the volume of the container is the key parameter to decide the total materials used in the LHTES. The 
cost of the shell and tube LHTES is rewritten as the following. 
 
Cௌ௛௘௟௟ି௧௨௕௘ = V௖௢௡௧௔௜௡௘௥ൣc௖௢௡௧௔௜௡௘௥ + (1 െ ߝ െ ߛ)ߩ௉஼ெ ܿ௉஼ெ + ߛߩ௧௨௕௘ ܿ௧௨௕௘ାߝߩு்ி ܿு்ி൧         (14) 
4.2 Cost of the shell and tube LHTES working in solar thermal power tower system 
The calculated case is based on the large scale solar thermal power tower plant, the stored thermal power is set as 
3000MWth discharged within 4 hours. There are no published economic data for the large scale shell and tube 
LHTES. Compared to the published report of the commercial two-tank molten salt direct thermal storage system[10], 
the cost of high temperature molten tank is 9.005 $/kWhth including all the other cost of C௢௧௛௘௥௦ in Eq.(13). The 
stored energy density of LHTES is enhanced a lot.  In this paper, the cost of container is calculated based on the 
following equation. 
c௖௢௡௧௔௜௡௘௥ = 9.005
௏ಽಹ೅ಶೄ
௏ೄಹ೅ಶೄ
                                                                (15) 
where ௌܸு்ாௌ is the volume of high temperature tank in two tank molten salt sensible heat thermal storage system, 
equal to 13684.5 m3 in the calculated case. The cost of PCM-1 is 0.73 $/kg[11], HTF is 0.49$/kg[12],tube is 
3$/kg[13], respectively. For the LHTES using PCM-1 ,the cost is listed in Table.6. It is clear that the total cost 
increases with volume ratio of tubes, since the cost of stainless steel tube is high. 
 
Table 6 cost of PCM-1 of shell and tube LHTES working in solar thermal power tower system 
ɀ container cost ($/kWhth) 
PCM cost 
($/kWhth) 
tubes cost 
($/kWhth) 
HTF cost 
($/kWhth) 
Total cost 
($/kWhth) 
0.22 5.128 2.950 5.630 0.502 14.211 
0.1 4.741 3.401 2.366 0.211 10.720 
0.05 4.627 3.593 1.155 0.103 9.479 
 
The cost of PCM-2 is set as 1.5 $/kg, which lacks of the published data. The cost of the LHTES using PCM-2 is 
listed in Table.7. 
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Table 7 cost of PCM-2 of shell and tube LHTES working in solar thermal power tower system 
Tube 
length(m) 
container cost 
($/kWhth) 
PCM cost 
($/kWhth) 
tubes cost 
($/kWhth) 
HTF cost 
($/kWhth) 
Total cost 
($/kWhth) 
  200 7.780 13.072 1.941 0.173 22.967 
1000 7.398 12.431 1.845 0.164 21.839 
2000 7.333 12.321 1.829 0.163 21.648 
4.3 Cost of the shell and tube LHTES working in parabolic trough solar thermal power system 
Based on the cost of low temperature molten salt tank[10],the cost of container is calculated based on the 
following equation. Carbon steel tubes were used in the calculations with the cost of 0.8$/kg[14]. the cost of 
Therminol VP-1 is 3.6$/kg[15]. The cost of KOH is 1.0$/kg[16]. Compared to the published report of the 
commercial two-tank molten salt direct thermal storage system[8], the cost of low temperature molten tank is 5.105 
$/kWhth including all the other cost of C௢௧௛௘௥௦ in Eq.(13 ). Thus the cost of container is calculated based on the 
following equation.  
 
c௖௢௡௧௔௜௡௘௥ = 5.105
௏ಽಹ೅ಶೄ
௏ೄಹ೅ಶೄ
                                                                (16) 
The cost of the shell and tube LHTES working in parabolic trough solar thermal power system is listed in Table 8. 
 
Table 8 cost of PCM-1 of shell and tube LHTES working in parabolic trough solar thermal power system 
ɀ Container cost ($/kWhth)
PCM cost 
($/kWhth)
Tube cost 
($/kWhth)
HTF cost 
($/kWhth)
Total cost 
($/kWhth)
0.22 3.004 11.307 4.654 4.778 23.744
0.1 2.711 12.726 1.909 1.960 19.307
0.05 2.611 13.270 0.920 0.944 17.745
5 Conclusions 
In this paper, the lumped capacitance method is used to simulate the discharging process of the shell and tube 
type LHTES. Combined with the results of the technical report of NREL[8] and some assumptions of economic 
evaluation model were used in the calculations. A more accurate model of and heat transfer and economic 
evaluation is needed in the future. Based on those simple models, the economic evaluation results show that the 
capital cost of using PCM-1 is 9.479-14.211$/kWhth, and the capital cost of using PCM-2 is 21.648-22.967$/kWhth, 
respectively. Compare to the commercial solar thermal power tower system with the thermal energy storage cost 
26.22$/kWhth[10], using shell-and tube type LHTES is economically competitive. The capital cost of using KOH as 
the PCM in shell and tube LHTES working in parabolic trough solar thermal power plant is 17.745-23.744$/kWhth. 
Compare to two-tank molten salt indirect thermal storage system with the capital cost of 52$/kWhth[10], using 
shell-and tube type LHTES is also economically competitive.  
6 Future work 
Charging process is also very important for the shell and tube LHTES in the real solar thermal power plant. The 
systemic economic analysis will be done in the future to calculate the LCOE of the solar thermal power tower or 
parabolic trough systems.  The effects of thermal conductivity of PCMs will also be included in later calculations.  
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